Recently reported measurements of hard photon correlations in the reactions 36Ar On 27Al at 95 A-MeV, 86Kr On n a t~i at 60 AeMeV, and ' ' ' Ta on lg7Au at 39.5 A.MeV are analyzed. A ~oltzmann-Ühling~hlenbeck transport model is used to describe the photon production by individual nucleon-nucleon collisions. In the lighter systems we find the best agreement with data when taking into account only the photons from firstchance collisions of nucleons or photons produced during the Passage of the nuclei, while the model predicts also a considerable late-time ernission of photons which leads to a depletion of the calculated correlation function. The accuracy of the present data doies not allow firm conclusions on the reliability of this late time evolution. Our investigations do not support a recently re~orted interference pattern in the heavy Ta + Au system.
I. INTRODUCTION
Recently, measurements of correlations of hard photons have been reported for the reactions 36Ar + '?Al at 95 A-MeV [I] , ' Kr + n a t~i at 60 A-MeV [2,3], and '"Ta + lg7Au at 39.5 A-MeV [3] . On the basis of the Banbury-Brown -Twiss effect such two-photon correlations are utilized to get informatilon on the space-time extent of the emitting source. Photons are particular suitable probes of the whole space-time history of strongly interacting matter since they leave the system without suffering from final state interactions.
In the field of heavy-ion collisions the interferometry is a useful tool for measuring the spatial dimensions and the life-time of the resulting fireball. More specifically one addresses such questions whether the compound systern undergoes a significant expansion before disassembling, or whether the radiation of hard photons [4] lasts for a long time interval. Intimately related to the latter temporal aspect of the hard emission is the interplay of direct photons coming from first-chance nucleon collisions and the thermal hard photons produced at later times in the fireball [5] . Of particular interest is the suggestion [3j that sufficiently heavy nuclei in central collisions at not too large a bombarding energy may merge to a fireball which undergoes pronounced monopole-like density oscillations [6] , which in turn cause a temporal modulation of the photon emission rate since the hard photons are predominantly emitted in the compression stages during the oscillations. Beside this repeatedly flashing source one might also speculate whether in more peripheral collisions two radiating projectile-like and target-like sources recede and generate an interference pattern known from double slit experiments in optics. Indeed, Ref.
[3] seems to substantiate this conjecture in the Ta + Au reaction.
Usually one defines the two-particle correlation function by C2(q17qz) = [7] , where K,2 are the Single and two-particle yields of the photons with momenta q,,,. This correlation C 2 is a function in the six-dimensional space q, 8 q2. Several models [7] have been employed to derive correlation functions C2 which contain physically motivated parametrizatiolns of the source function describing the phoeon emission. Ex~erimentally, however, one mostly projects C2 on certain hypersurfaces, e.g., one describes the correlation as functim of the quantities Iql = Iql -q21, qo = El -E 2 [I] , or Qin, = dq2 -q: [2, 3] . In such projections, where all the other variables are integrated out, also the acceptance of the detector equipment and the imposed gates enter substantially. Therefore, the physical information cannot simply be read off from the measured correlation by comparing the observed correlation Cixp to an ad hoc given source parametrization [8] .
It is the aim of the present note to employ for the first time a dynamical transport model to determine the photon source distribution and to analyze within this framework the photon correlations reported in Refs. [I-31 . Here, the ~oltzmann-Ühling-~hlenbeck (BUU) approach is applied for generating the source function.
THE MODEL AND BASIC EQUATIONS
For a chaotic source the correlation function for two hard photons is given by the expression [9, 10] (we employ units with fi = c = 1)
For the sake of convenience we introduce four-vectors for the photon momenta ql,2 = EI,^, q,,,) and the space-time a: = (t, X). The averaged four-momentum of the pair is denoted by I< = i(ql+q2) and its relative momentum by q = ql -q2. The photon momenta are taken on-shell, i.e., E1,2 = Iq, 21 and, therefore, the correlation function C2 is solely a function of the two tree-vectors qL2 of the photons. The properties of the source are described by the source function g(x, k), which gives the probability that a photon with four-momentum k is emitted from the space-time point X. In what follows we neglect the subtlety that formally in the nominator of eq. (1) also the off-shell momenta are needed.
At least in the case that the relative angle between the photons is small, the off-shell effect is not very important and r e can take the four-vector on-shell, i.e., I&, = + q2)2.
If unpolarized photons are emitted the factor A in eq. (1) reads h = $(l + cos2 8 1 2 ) [lo], where 0 1 2 is the angle between the photon momenta. So, A is roughly 0.5 for sniall angles. However, if the photons are emitted from an anisotropic medium there migkt be a preferential polarization which could cause larger values of A, as it has been discussed in Ref. [ll] . We shall not consider this possibility in the present work and put A = $ in our calculations.
So describe the dynamics of heavy-ion collisions at beam energies around 100 A-MeV tve employ a transport model based on the BUU approach [12] . This model provides us the phase-space distribution f(x,p) of the nucleons. In addition it models the collision term as a sequence of collisions of test particles. It is widely accepted [13] that these two-body collisions form the source of the hard Photons. Since the typical wave lengths, which we consider, are much larger than the interaction region of two scattering nucleons the dipole radiation term dominates and, therefore, only proton-neutron collisions are important. Thus, for each impact parameter b we obtain a source distribution 1 da;
where the sum runs over the scattering centers i, and aPn denotes the total proton-neutron cross section. Since (dgi/dK)/~;p" is the probability for producing a photon in the ith collision, the function gb represents a probability density. The photon production cross section d a / d K depends on the initial momenta of the proton pl and neutron p" on the photon momentum, and on the direction of the difference of the final nucleon momenta pi -P/,. For the sake of simplicity we assume that the photon angular-distribution in the proton-neutron center of mass system is isotropic. For this purpose we adopt the formula eq. (3.2) in Ref.
[14] for the photon production cross section. Further, we take into account the fact that the nucleonic final states with momenta pig may be partially occupied, and this effect is dealt with by the Pauli blocking factors in eq. (2).
In our BUU calculations we use an nuclear equation of state without momentum dependent forces which gives an incompressibility of 240 MeV. We take 200 parallel ensembles, and the Pauli blocking is sensitive to phase space cells with IAx X Apl = 2.7 fm X 180
MeV.
The two factors in the denominator in eq. (1) account for the one-particle emission.
In the experiment the whole manifold of the photon momenta of the correlation function cannot be observed. Due to limitations in the detector acceptance and for reasons of statistics it is convenient to compactify the data by performing projections on special variables q,b, = Q(ql, q 2 ) as mentioned above. This can be cast in an expression for the observable correlation function where we have introduced the Fourier transformed source function gb(k, K) = J d4x gb(x7 K) exp(ikx). The detector acceptance II(ql7 9,) depends usually on the relative angle and a low enei.gy cut-off and may strongly distort the shape of the correlation function C2. In our calculations we determine the photon probability distributions for a set of impact parameters. To generate the nominator in eq. (3) we sum them up with corresponding weights given by the impact parameter and detector acceptance for given qob,. The denominator simulates the event mixing technique applied in experiments [I] .
This implies a mixing of different impact parameters suitably weighted. The normalization parameter n/ is chosen such that the same number of photon pairs contributes to the expressions in the nominator and the denominator.
ANALYSES OF THE EXPERIMENTAL DATA
Now we apply the above formulated model to the available experimental data for 36Ar $ 27A17 86Kr + n a t~i 7 and lS1Ta + lg7Au. TO disentangle the contributions of direct and thermal photons we carry out calculations assuming that the photons stem from different sources: photons which are created (i) only in primary-primary nucleon-nucleon collisions,
(ii) in primaxy-primary + primary-secondary collisions, (iii) in collisions which happens during a time which corresponds to the geometrical passage-through of the colliding nuclei, and (iv) during a long BUU evollution time. The notion "primary" stands for nuchons which have not yet collided, while the "secondary nucleons" have suffered at least one collision.
We begin with the reaction Ar t-Al where two correlation functions C2(/4) an$ C~(q0.o) for 1ql < 45 MeV were measured with the nearly 4n acceptance of the MEBEA deteetor for photons with energies Ei,z > 30 MeV and a minimum 1abora;tory angle between the two photons of 15" [I] .
In Fig. l [I] . This data would favor a longer duration or a larger reaction volume of the heavy-ion collision. However, because of the large uncertainties in the data (due to n0 decays) a final conclusion would be premature.
Simulating the detector acceptance with Monte Carlo technique with a given correlation function Cz = 1 + Xexp{-q2R2 -q;r2) with R = 3 fm and T = 3 fm/c, we found that the resulting projected correlation Cz(Jql) is nearly unaffected by the qOr term, while the projected correlation C2(q0) is diminished by 20 (50) % for Iql < 45 MeV (all Iq J). Here, the Same filter is employed as in the previous reaction, since the correlation function is measured with essentially the same equipment. In Fig. 3 the correlation function is displayed together with the experirnent. As in the previous reaction the correlation function declines sharply in the long term evolution scenario. However, in contrast to the Kr $-Mi reaction the data do not allow to draw conclusions on a preferred model. Slnce the Ta + Au syctem is larger in time and space extension the correlation function are narrower. As a consequence of the acceptance filter the correlation functions do not much differ from one another.
We notice the dope parameters of the photon spectra T = 17 (i), 13 (ii), 15 (iii) and 12 (iv) MeV which are to be compared with the observed value of 13.4 MeV [6] . This favors again the scenarios (ii) and (iii) and seems also to exclude the photons which stem from the long term evolution.
We stress that in all our BUU model simulations we do not find an indication of the oscillating structure, which is believed to be Seen in Ref. 
IV. CONCLUSIONS
The analysis of the observed two-photon correlations for three different systems supports the idea that the photons stem from an ealier stage of the reaction as already conjectured previously 151. In contrast, the BUU approach predicts a considerable yield of hard photons at a rather late stage of the evolution. These photons would lead to an rather strong depletion of the measured correlation function. At least for the lighter systems Ar -/-Al and Kr $ Ni this depletion seems not to agree with the data.
On the other hand it is well known that in heavy ion reaction multifragmentation sets in during the expansion phase which is not correctly described by the BUU model.
Therefore, there is a physical reason to stop the calculations at a time comparable with the Passage time of the two nuclei. Using such a break-up time the agreement with the data is improved. The correlation data are also well described by photons from first-chance nucleon-nucleon collisions.
It is worth noticing that an increased accuracy of the correlation data would be necessary to make firm conclusions, in particular about the reported oscillatory structure of the correlation function for the Ta + Au reaction. If the latter will be confirmed experimentally, this would imply that some important mechanism in the BUU model andlor the implemented two-photon propagation is missing. 
